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This article reviews spin-dependent transport of carriers in homogenous three- 
dimensional and two-dimensional semiconductors. We begin with a discussion of 
optical orientation of electron spins, which allows both the creation and detection 
of spin-polarized carriers in semiconductors. Then we review non-equilibrium spin 
flow including spin drift and diffusion caused by electric fields and concentration 
gradients. A controlled spin precession is possible both in external magnetic fields 
and in effective magnetic fields due to a broken inversion symmetry. Although the 
Coulomb interaction does not couple to the spin degree of freedom, it affects the 
spin-dependent transport via the spin Coulomb drag. In gyrotropic media, the 
optical creation of spin-oriented electrons gives rise to spin photocurrents, which 
reverse their direction when the radiation helicity is changed from left-handed to 
right-handed. The reverse process is possible, too, i.e., an electric current in a 
gyrotropic medium gives rise to a spin polarization in the bulk of the sample. 

1 Introduction 

Broadly speaking, spin-dependent transport phenomena in semiconductors can be divided 
into two categories. On the one hand, we have those effects such as spin drift, spin diffusion, 
and spin precession that refer to the transport of spin-polarized carriers. These effects are 
of central importance for spintronics device concepts where the generation of spin-polarized 
distributions of carriers are spatially separated from those elements that manipulate and 
detect the spins. On the other hand, we also have spin-dependent phenomena such as the 
spin Coulomb blockade or weak localization and spin-split Shubnikov-de Haas oscillations 
visible in magneto-transport of two-dimensional (2D) electron systems. These effects provide 
important insights into the nature of the spin-dependent interactions, such as exchange and 
spin-orbit coupling, that can be exploited for the manipulation of spin systems. In this 
review, we will focus mostly on the former class of phenomena. Also, we will focus mostly 
on homogenous systems and touch only briefly on the properties of structured devices that 
are discussed [elsewhere]. 

We begin with a discussion of optical orientation of electron spins in semiconductors 
(Section 12)). Then we review non-equilibrium spin flow including spin drift and diffusion 



(Section l3.1j) . and spin precession (Section l3.2j) . Coulomb effects in spin transport are dis- 
cussed in Section 13.31 Finally, we review in Section 0] spin photocurrents and the reverse 
effect, the electrical generation of a spin polarization. 



2 Optical orientation of electron spins 

Various schemes have been developed to generate spin-polarized carrier distributions in non- 
magnetic semiconductors. Broadly speaking, these fall into three categories. First, opti- 
cal excitation allows creation of spin-polarized electrons inside the semiconductor. Second, 
magnetic layers can be used to inject spin-polarized carriers into the semiconductors. These 
magnetic layers can be either ferromagnetic or semimagnetic semiconductors (see [elsewhere]) 
or ferromagnetic metal electrodes attached to the semiconductor (see [elsewhere]). Finally, 
dynamic phenomena based on electric fields and charge currents can give rise to spin po- 
larization inside the semiconductor or spin accumulation at the edges of the sample (see 
Section and [elsewhere]). 

Here we will focus on the optical orientation of electrons that has proven to be a powerful 
technique since some of t he earliest studies of spin-related ph enomena in semiconductors 



were performed (jLampell . Il968l : iMeier and Zakharchenyal . Il984l ). In direct semiconductors 



like GaAs, the electron states in the conduction band have spin S = 1/2, whereas the 
hole states in the valence band have an effective spin 5* = 3/2. The hole states with spin z 
component Sz = ±3/2 are denoted heavy-hole (HH) states, whereas the light-hole (LH) states 
have Sz = ±1/2. Left (right) circularly polarized photons carry a z component of angular 
momentum of —1 (±1) so that conservation of angular momentum results in the selection 
rules for optical transitions depicted in Figure [TJ A more detailed analysis shows that the 
probabilities for transitions from the HH states to the conduction band are three times larger 
than the probability for optical transitions from the LH states. In bulk semiconductors, the 
maximum attainable degree of spin polarization is thus P = 50%, where P is defined as 

p = !^±^ (1) 

and {N-) is the number of electrons with spin up (down), respectively. In 2D systems the 
degeneracy of the HH and LH states is lifted as sketched in Figure ^ For resonant excitation 
at the HH energy we thus expect a rise of the maximum attainable degree of polarization up 
to P = 100%. 

A particular advantage of the optical orientation scheme lies in the fact that it holds 
both for absorption and emission, so that it can be used for creating and for detecting spin- 
polarized carrier distributions. However, the holes lose their spin orientation significantly 
faster than the electrons, and the oriented electrons can recombine with any hole. Therefore, 
Figure H implies that the polarization of the recombination photoluminescence (PL) in bulk 
semiconductors does not exceed ~ 25%. (This does not apply to 2D systems where the 
recombination PL is due to a transition from the lowest electron to the lowest HH state.) 
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Figure 1: Selection rules and relative transi- 
tion rates T for optical transitions between 
valence band (VB) states having an effective 
spin S = 3/2 and co nduction band (CB) 
state s with S = 1/2 (|Dvakonov and Perel . 
1984^ ). In bulk semiconductors the HH 
states (5*2 = ±3/2) are degenerate with the 
LH states {S^ = ±1/2) whereas in quasi-2D 
systems the LH states (dashed bold lines) are 
lower in energy than the HH states. 



Even in a single-particle picture for the optical excitation, the 3 : 1 ratio of HH and LH 
transitions is obtained only if HH-LH coupling of the hole states at nonzero wave vectors k is 
neglected. Due to this HH-LH coupling, the hole states with A; > are not spin eigenstates. 
Furthermore, a realistic picture must take into account that optical absorption gives rise 
to the formation of excitons, i.e.. Coulomb correlated electron-hole pairs. Thus even for 
excitations close to the absorption edge we get substantial HH-LH coupling because the 
exciton states consist of electron and hole states with k of the order of l/ag, where Og is 
the effective Bohr radius. The Coulomb coupling between different electron and hole states 
yields a second contribution to the mixing of single-particle states with different values of Sz- 
Finally, we must keep in mind that for higher excitation energies we get a superposition of 
exciton continua that are predominantly HH- or LH-like. These different excitons contribute 
oppositely to the spin orientation of electrons. We note that these arguments are val id for 
the optical excitation of bulk semiconductors and quasi- 2D systems (IPfalz a/.l. 120051) . 

Optical orientation in bulk systems was reviewed by iDvakonov and Perel Early 
works on 2D systems were published by IWeisbuch et al\ (|l981l ) and iMasselink et al\ (|l98J) 
who reported on polarization- resolved transmission and PL experiments on GaAs/AlGaAs 
quantum wells (QWs) under cw excitation. In later works, the electron spin polarization in 
quasi-2D systems was studied using time-resolved photoluminescence excitati on spectroscopy. 



For excitation energies ev e n slightly above the HH resonance, several authors (jFreeman et al. 



1990; 



Darevs et al 



1993; 



Mufioz et alV |l995|) observed a polarization that was significantly 



smaller than one. These measurements were carried out on fairly narrow GaAs/AlGaAs 
Q Ws. A first well-wi d th dep endent study of optical orientation was performed experimentally 
bv iRoussignol et al\ ( 19921 ). For energies near the HH resonance, they found initial spin 
pol arizations in the range of 6 — 



0. 



Twardowski and HermannI (|1987|) as well as lUenovama and ShamI ()l990[ ) studied the po- 



larization of QW PL theoretically, taking into account HH-LH coupling in the valence band. 
However, these auth ors neglected t he Co ulomb interaction between electron and hole states. 
On the other hand, iMaialle et al. I (|l993h investigated the spin dynamics of excitons taking 
into account the exchange coupling between electrons and holes, but disregarded the HH- 
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Figure 2: (a) Measured and (b) calculated de- 
gree of spin polarization P and (c) calculated 
absorption coefficient a{u!) as a function of ex- 
citation energy of a 198- A- wide GaAs/AlAs 
QW. The lowest peak in the absorption spec- 
trum is an HH exciton that gives rise to a 
large positive spin orientation. The next peak 
slightly above the ffist peak is due to the LH 
exciton, and it results in a strongly negative 
spin orientation. The peaks at higher energies 
are Fano resonances, which give mixed con- 
tribu tions to the spin polarization. [Adapted 
from lPfalz eldl ^200^ .] 
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LH coupling in the valence band. Recently, a detailed experimenta l and theoretical study 
of optical orientation in 2D systems was performed by iPfalz et al\ (|2005| ) conffiming that 
the polarization of the measured PL reflects the spin polarization of the excited electrons 
[equation (0)] over a wide range of excitation energies. As an example. Figure |2l shows the 
measured and calculated degree of spin polarization P as a function of excitation energy of 
a 198-A-wide GaAs/AlAs QW. 



3 Non-equilibrium spin flow in semiconductors 
3.1 Spin drift and diffusion 

Similar to electric charge distributions in semiconductors, a non-equilibrium spin distribu- 
tion can spread out diffusively or it can drift in the presence of an electric fi eld. However, these 



pheno mena behave qualitatively different in p- and ra-type semiconductors (jD'vakonov and Perel 



1971a|). In p-type semiconductors, only the spins of the non-equilibrium electrons become 
oriented. Their number is proportional to the intensity of the light, but the degree of orienta- 
tion does not depend on the intensity (Figure Q). As drift and diffusion of the spin orientation 
must preserve charge neutrality, the kinetics of the spin orientation follows the kinetics of 
the charge distribution. Charge diffusion i n doped semi conductors is characterized by the 
diffusion coefficient of the minority carriers (|Smithl . Il978^ . Therefore, electron spin diffusion 
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in p-type semiconductors is essentially characterized by the charge diffusion coefficient for 
electrons.^ 

In n-type semiconductors the situation is qualitatively dif ferent due to the fact that th e 
optically excited electrons augment the equilibrium electrons (jD'vakonov and Perell . |l971a|) . 
Therefore, significant optical orientation of electron spins is possible at moderate degrees of 
excitation when the excess photoelectron density is still much less than the equilibrium elec- 
tron density. The mechanism underlying this effect is the following. Absorption of circularly 
polarized light creates electrons with mainly a single spin orientation. The spin relaxation 
time Ts of these electrons is typically much greater than the excess carrier lifetime. Holes, 
on the other hand, have a short spin relaxation time so that the spin orientation of the op- 
tically created holes is quickly lost. Therefore any electron can recombine with these holes 
with a recombination rate that is usually independent of the sign of the spin. Thus, optical 
excitation is a source for spin-polarized electrons whereas recombination represents a drain 
for electrons with the "wrong" spin orientation. Under stationary excitation, the oriented 
electrons are the equilibrium ones. 

In a bulk sample, the light is usually absorbed in a narrow layer near the surface of the 
crystal. In this case the excess carriers penetrate a distance of the order of the diffusion 
length L = y^D^, where Dp is the hole diffusion coefficient in the ra-type sample (which is 
usually small), and r is the lifetime of the non-equilibrium carriers. On the other hand, the 
orientation penetrates a depth of the order of the spin diffusion length Lg = \^DJt^, where 
Dg is the spin diffusion coefficient of the electrons (which is usually large; it is approximately 
equal to the electron diffusion coefficient Dp). Under typical experim ental conditions we 
thus have ^ L in an n-type sample (jD'vakonov and Perell . |l971a|). Beyond a layer of 
thickness ~ L, recombination cannot change the degree of polarization P that falls off like 
P{z) = P{0) exp{—z / Lg) , i.e., a spin orientation of the order of -P(O) penetrates into a layer 
of depth ~ Lg, where there are no excess carriers. [A sm all number of photoe xcited carriers 
can be present within this layer because of reabsorption (jPzhioev et a/.LIl997^ .] 

In general, the mot i on of the spin densitv S is characterized bv a drift- diffus ion equation 



( D'vakonov and Perel 



1976 



Garbuzov et al. 



1976 



Dvakonov and Perell . Il984^ 
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similar to the drift and diffusion of charge. Here £ is a built-in or external electric field; T 
is the temperature; and Q is the spin precession frequency, which can be due to an external 
magnetic field B, i.e., ft = g*ji-Q'Q/h, or due to spin-orbit coupling at i? = 0, see Sec- 
tion EIH below. The last two terms reflect two reasons for the spin orientation to vanish, spin 



^When a semiconductor has a large absorptio n coeffic i ent n ear the band edge, an emitted photon is 
usually reabsorbed before it can esca pe the crystal llPumkel. 1957 ). The detailed a nalysis of spin diffusion in 
p-type semiconductors performed bv lGarbuzov et al\ |l976|) and lGioev et al. l|l994i^ showed that allowance 
for diffusion and reabsorption was essential for the proper interpretation of their ex perimental data . Eve n 
in n-type GaAs it was found that reabsorption can be important for spin diffusion 1 Dzhioev et a,l\ . 19971) . 
Please note that the first authors of the latter two publications are, in fact, the same. 
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relaxation and recombination, where Sq is the average spin orientation at th e moment of pho- 
to crea tion. Recently, the drift-d iffusion equation © was reconsidered by iFlatte and Byers 
(2Qq3) and lYu and Flattel ^200'^ . 



Spin drift and diffusion haye been studied experimentally by several groups. iDzhioev et al. 



1 19971) estimated th at the spin diffusion length in their n-type GaAs sample was = 10 /zm. 
Haeele et al. (|l998h found that the s pin orientation in intrinsic GaAs was almost completely 



preserved over a distance of 4 fim. iKikkawa and AwschalomI ()l999f ) performed a detailed 



study of spin transport in intrinsic and n-type GaAs samples in which gates allowed one to 
stir the drift of the spin-polarized electrons. Using non-local Faraday rotation, they found 
that the drift distance of the spin-oriented electrons was linear in the electric field, and it 



could exceed a distance of 100 /im for electric fields of 16 V cm~^. iFiederling et al\ f)l999l ) 
used semimagnetic Be^MuyZni-a^-ySe to inject spin-polarized electrons into a 0.1-/im-thick 
layer of n-type AlGaAs followed by a 15-nm-wide GaAs, where the spin-polarized electrons 
recombined with holes that were i niected from t he ot her side of the QW (a spin light-emitting 
diode). In a similar experiment, lOhno et al\ (|l999| ) used ferromagnetic GaMnAs to inject 
spin-polarized electrons into an intrinsic layer of GaAs, followed by an InGaAs QW. 

It has been found that interfac es between diffe r ent s emiconductors do not affect spin 
transport. This was first noticed bv lGarbuzov et al\ (|l976[ ). who studied spin orientation for 
a sample that contained a GaAs QW embedded in thick graded layers of p-type Ala;Gai_a;As. 
Malaiovich et al\ (|2000[ ) found that even the interface between ZnSe and GaAs, a II- VI and 
a III-V semiconductor, did not suppress sp in transport. 



Lateral spin diffusion was studied by ICameron et al\ ()l996| ). When two laser beams 
with crossed polarizations interfere, the light intensity on the sample is uniform, but the 
polarization alternates between left polarized, linear, and right polarized. Therefore, a spin 
grating is generated in the sample where the optical orientation of the electrons alternates 
across the excitation region. By analyzing the orientation decay as a function of time, these 
authors could determine the spin diffusion coefficient Ds and the spin rel axation t i me r.s . The 
spin diffusion length Lg = y/Dg Tg appeared to be approximately 8 /im (jKavokinl . 120021 ). 



3.2 Spin precession 

The magnetic-field-dependent term O x S in equation Q describes the precessional motion 
of the oriented spins in an external field B or an effective field due to spin-orbit coupling. For 
a transverse external fiel d B, it gives rise to the Han le effect, a depolarization of luminescence 
induced by the field B (jPvakonov and Perell . 119841 ). In a homogenous system [i.e., VS = 
in equation Q], we get the expression for the Hanle curve 



1 + (^^T,)2' 



where 



So 



1 + t/Ts 



(3) 



Here we have assumed that the z direction is the direction of the exciting radiation with 
So J- B, and Tg is the "spin lifetime" defined by = + t~^. From the Hanle curve as a 
function of field B, one can thus extract the lifetime r and the spin relaxation time of the 
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carriers (provided the effective Lande factor g* is known). However, a particular situation 
arises in n-type semiconductors where recombination is not possible past the surface layer of 
thickness ~ L. The depolarization induced by the magnetic field thus changes the gradient 
of the degree of polarization within the layer where electrons are oriented. Therefore, the 
spin diffusion rate becomes magnetic-field-dependent, which results in a distinct change of 



the fu nctional form of the Hanle curve as a function of magnetic field (|DVakonov and Perel 



19761) . 



In the presence of both time-inversion symmetry and space-inversion symmetry, all elec- 
tron states in a solid with a given wave vector k are twofold degenerate. When the po- 
tential through which the carriers move is inversion-asymmetric, however, the spin degen- 
eracy is removed even in the absence of an external magnetic field B. We then obtain two 
branches of the energy dispersion, -E+(k) and i?_(k). This spin splitting can be the conse- 
quence of a bulk inversion a symmetry (BIA) of the underlying crystal [e.g., a zinc blende 
structure (IDresselhausl. Il955r)]. and of a stru c ture inversion asymm e try (S IA) of the confine- 
ment potential (|Ohkawa and Uemural . Il974t iBvchkov and RashbaL Il984^. Strain gives rise 
to a third contribution to S = spin splitting ( Seller et al. , 1977t Howlett and Zukotvnski , 



19771) . A fourth contribution c an be the low microscopic symmetry of the atoms at an inter- 
face (Rossler and Kaina. 120021) . B = spin splitting has been reviewed, e.g., bv lPikus et al 



( 1988 ) and Winkleil i 20031 ). In the present context it is important that the spin splitting can 
be ascribed to an effective Zeeman term H = {h/2) cr ■ r2(k) with an effective magnetic field 
r2(k). In leading order of k, the effective field in a 2D electron system on a (001) surface 
reads 

/ kx [kl - {kl)) \ _ f k, \ 



\ 



y 




2a 



"y 



(4) 



V j 



The first term chara cterizes the BIA sp i n splitting of the electron states. It is called the Dres- 
selhaus or k^ term (jPresselhausl . Il955t iBraun and Rossleii . |l985|). It exists already in bulk 



zinc blende semiconductors due to the broken inversion symmetry. In quasi-2D systems only 
the in-plane wave vector ky = (/c^,, ky^ 0) is a continuous variable. In first-order perturbation 
theory, the wave vector components kz and powers thereof are replaced by expectation values 
with respect to the subband wave functions. The field r2(k||) due to BIA is depicted in Fig- 
ure El^a). We note that in 2D systems, the Dresselhaus term depends on the crystallographic 
orientation of the substrate. For 2 D systems on an \mmn\ surface with integers m and n, 
the Dresselhaus term was given bv lBraun and Rosslen (|l985| ). 

The momentum scattering of electrons off other electrons, impurities, phonons, etc., re- 
sults in a random walk of oriented ele ctrons in the field 0(k), whic h gives rise to the so- 



called Dyakonov-Perel spin relaxation (jD'vakonov and Perel 1 . Il971d ) discussed [elsewhere]. 



A controlled p r ecessio n of electrons in the Dresselhaus field r2(k) was first demonstrated by 



Riechert et al\ (|l984^ . who investigated the polarization of photoemission following optical 



orientation. After deposition of Cs and O on the (110) surface of their strongly p-doped GaAs 
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Figure 3: Effective magnetic 
field r2(k||) along a contour of 
constant energy (a) due to the 
Dresselliaus term in a system 
with BIA and (b) due to the 
Rashba term in a system with 
SIA. 











sample, a surface inversion layer was formed where the bands were strongly bent downward. 
Electrons moving through this layer gain a large kinetic energy. Yet if the layer is very nar- 
row, they move ballistically with k normal to the surface so that the direction of O is the 
same for all escaping electrons. The photoelectron orientation is th us rotated away from the 



initial direction defined by the pumping light beam, as observed bv lRiechert et al 



In asymmetric QWs, SIA gives rise to the second term in equati on (jl)), which is frequently 



called the Rashba term ( Rashba 



1960; 



Bvchkov and Rashbal . ll984^ . The coefficients 7 and a 



depend on the underlying semiconductor bulk material. But a depends also on the asymmetry 
of the QW i n the growth direction. It can be tuned by means of front and back gates 
(INitta et a/.LIl997l). T his is exploited in the famous spin field-effect transistor proposed by 
Datta and DasI ( 1990 ). which is discussed [elsewhere]. The field r2(k|[) due to SIA is depicted 
in Figure ini^b). 

A third contribution to 17 (k) at 5 = is obtained b y means of strain. I n low est order of 
k and of the components Sij of the strain tensor we get (|Pikus and Titkovi . |l98J) 



0(k) 



h 



^yzkjz ^yxkjx 
\ ^zxk^x ^zyk^y / 



+ 



h 



-yy 

k^y i^^zz 



\ 



(5) 



\ ^zi^^xx ^yy^ / 



The first term depends on the off-diagonal components of the strain tensor, i.e., these com- 
ponents describe a shear strain. They are nonzero, e.g., w hen uniaxial stress is applied in the 
crystallographic directions [111] or [110] of a bulk crystal (jTrebin et a/.LIl979^ . The prefactor 
C3 of the second term in equation (0) is nonzero only because of coupling to remote bands 
outside the usual 8x8 Kane Hamiltonian . Therefore, this term is rather small, so usually it 



can be neglected (jPikus and Titkovi . 119841 iD'vakonov et a/.L 119861 ). 



For bulk InSb, the effect of strain ori spin splitting has been studie d by measuring 



Shub n ikov-de Haas osci l latioii (|Seiler et alX . Il977l ) and cyclotron resonance (jRanvaud et al. 



19791 ) . iDVakonov et al\ ()l986l ) analyzed the Hanle effect in the presence of strain in order to 
obtain C3 = 20 eVA for GaSb, C3 = 5 eVA for GaAs, and C3 = 3 eVA for InP. The decrease 

^The Rashba spin splitting discussed below was not taken into account bv lRiechert et al. |l984|) for the 
interpretation of their experiment. However, this does not change the qualitative picture. 
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Figure 4: Images of the electron spin flow 
in a l-yum-thick n-GaAs epilayer (n = 1 x 
10^^ cm~^) at 4 K, acquired via Kerr-rotation 
microscopy, (a) shows the spin polarization 
due to spin diffusion alone. In (b)-(d), a lat- 
eral electric field E = 10 V cm~^ was applied. 
Finally, E was complemented by (c) weak and 
(d) large uniaxial stress along [110]. The white 
bar in (b) gives the lengt h scale for all four 
panels . [Adapted from ICrooker and Smith 

Jiooi).] 



of these values from GaSb to InP correlates with the decrease in the spin-orbit interaction 
gap in these crystals from 0.82 eV to 0.11 eV. 



The effect of strain on spin transport in n-type (001) GaAs was first studied bv lKato et al 



(2004a|) using time and spatially resolved Faraday rotation spectroscopy. However, they did 
not quantify or tune the strain in thei r samples. The impl i cation s of equation (jSj) have been 
confirmed in detail in e xperiments by Crooker and SmithI (20051) . Similar experiments have 
been published also by Beck et al. ( 20051 ). Crooker and Smith used a small vise to apply 
tunable uniaxial strain along the [110] or [110] direction of their n-GaAs sample, while a 
circularly polarized 1.58-eV laser focused to a 4-/im spot was used to create locally a spin 
orientation along [001]. In spatially resolved measurements using Kerr rotation they studied 
the electron spin precession while the electrons drifted and diffused away from the position 
of the laser spot, where the spin orientation was created (see Figure E}. 



Crooker and SmithI found that the spin precession of electrons drifting and diffusing in the 



strain field (0) is more robust than the precession of electrons moving in an external magnetic 
field. The reason is that in a transverse magnetic field the ensemble spin orientation dephases 
quickly when the precession period falls below the spin diffusion length (the Hanle effect 
discussed above). The strain-induced field (jni), on the other hand, is linear in the wave vector 
k so that slowly moving electrons experience a smaller field Q,{\s) than the faster electrons. 
But the distance the electrons must travel for a complete precession period is the same for 
slow and fast electrons so that the electrons remain in phase [Figures IHc) and (d)]. This 
argument also implies that the precession period should be independent of the magnitude 
of the external elec tric field used to push the electrons, as confirmed by the experiments of 



Crooker and Smith and Beck et al. 



The strain-induced field (0) has a pronounced dependence on the wave vector k. If a 
uniaxial strain is applied along the direction [110], we have f2 = for k along [001]. This 
is analogous to the fact that we have no Dresse lhaus spin splitting in symmetric QWs on a 
(110) surface for ky along [001] (|winklei . 2003 ). Within the (001) plane the k dependence 
of f2 is the same as for the Rashba term, see Figure Efb). If in addition to the strain-induced 
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field (0) an external magnetic field B is applied, the electrons with 0(k) approximately 
parallel to B precess faster than the elect rons with QCk) app roximately antiparallel to B. 
This was confirmed by the experiments of ICrooker and Smithl . To show this they used the 
fact that the radial diffusion in a pure strain-induced field (0) or an external magnetic field 
B is independent of the direction of k, which refiects the fact that the magnitude of ft does 
not depend on the direction of the k vector of the electrons. The superposition of both 
fields, on the other hand, results in an anisotropic total field ft the magnitude of which 
depends on the direction of k. This is similar to the fact that, to lowest (i.e., linear) order 
in k||, the magnitude of both the Dresselhaus and Rashba spin splitting in 2D systems are 
independent of the direction of ky (see Figure EI), yet the superposition of both term s gives 
rise to anisotropic spin splitting even in linear order of ky (jde Andrada e SilvaL Il992^ . 

The interplay of diffusion , drift in electric fields , and precession in external magnetic fields 
was studied theoretically bv lQi and Zhand (|2003l ) using a semiclassical Boltzmann equation 
for the 2x2 spin density matrix in order to cope with the different length scales of this 
problem, such as the diffusion length L, the spin diffusion length Lg, and the spin precession 
length. Spin diffusio n equations for sy stems with Rashba spin-orbit interaction in an electric 
field were studied b y iBleibaumI f)2006l ) . Drift and diffusion were also stu died theoretically by 
Hruska et al\ (|2006| ) for an experimental setup similar to the one used bv lCrooker and Smith 
()2005[ ) as described above. 

3.3 Coulomb effects 

So far we have completely neglected the Coulomb interaction between the electrons. Although 
this interaction does not couple to the spin degree of freedom of the electrons, it has a great 
infiuence on spin-dependent transport. This has long be e n kno wn i n the context o f spin 
diffusion in spin-polarized hquid ^He. iLeggett and Ricd (|l968h and iLeggettI (|l97Cl ) have 
shown that the spin polarization gives rise to a molecular field, and any given spin will then 
see (and precess around) a total field that is the sum of the molecular field and the external 
field. This molecular field cannot affect the precession of the total spin density S, since it 
is automatically parallel to it. However, it produces a torque on the spin current which is 
present in the equation of continuity for the latter. iLeggettI showed that, as a result, the 
equation for S in the hydrodynamic limit no longer has a simple form similar to equation Q 
but he derived a significantly more co mplicated hydrodynamic-type spin diffusion equation. 
More recently, iTakahashi et al\ ()l999( ) have applied these ideas to the spin diffusion and drift 
in 2D electron systems. They solved the quantum kinetic equation derived from the equation 
of motion for the non-equilibrium real-time Green's functions in order to show that the spin 
rotation term known for ^He is indeed also present in degenerate 2D electron systems at low 
temperatures. 



In a sequence of papers, D'Amico and Vignale ( 200(1 2001 . 2002 . 2003 ) performed a 



detailed theoretical analysis of how the Cou lomb interactioii affects sp in-polarized transport 
and diffusion in electron systems [see also iFlensberg et al\ (|200l[ l]. iD'Amico and Vignak 
showed that the Coulomb interaction gives rise to a spin Coulomb drag between the electrons 
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Jsit<0) 





Js it>0) 







Figure 5: At t < both electrons con- 
tribute equally to an upward spin current 
J, = (e/m)(P| - P^). At t = 0, the di- 
rections of the orbital motions of the elec- 
trons are inverted due to Coulomb scat- 
tering. The direction of the spin current 
Js at t > is thus reversed. 



moving with spin up and the electrons moving with spin down, similar t o the Coulomb 



drag that has bee n observed for electrons in two spatially separated layers (|Gramila et al 



1991 



Roid . 119991 1. The spin Coulomb drag reflects the fact that while, in the absence of 
impurities, the total momentum P = of the electrons is preserved, the "up" and "down" 

components of the total momentum, P^ = YliiViO- + '^zi)l'^ and Pj = X]jPi(l ~ <^zi)l'^-, 
are not separately preserved, even in the absence of impurities. Here Pj is the momentum 
of the zth electron, and Ozi is the Pauli matrix for the z component of the zth electron 
spin. Coulomb scattering can transfer momentum between spin-up and spin-down electrons, 
thereby effectively introducing a "friction" for the relative motion of the two spin components, 
which tends to equalize the net momenta of the spin components (see Figure E)). 
In a more rigorous formulation. Ohm's law can be written in the form 



Pn P\i \ /Jt 
,PiT Pa) \h, 



(6) 



Here, the effective electric fields Sa are the sums of a spin-independent external electric field 
plus the gradient of the local chemical potential, which can be spin-dependent, and j^. is the 
electric current carried by the electrons with spin a. The spin Coulomb drag gives rise to a 
spin trans- resistivity p^y in equation which is the ratio of the gradient of the spin-down 
electrochemical potential to the spin-up current density when the spin-down current is zero. 
D' Ami CO and Vienald (120001) ev aluated p^^ in a generalized random-phase approximation. 
D' Ami CO and Vignalel ( 2001 ) showed that the Coulomb interaction usually gives rise to 



a significant reduction of the spin diffusion coefficient Dg in equation (j2I) as compared to its 
value Dni in a noninteracting system. They obtained 



p k-oT S 

e Sr 1 



(7) 



where p k^T/ e is the diffusion constant of a noninteracting system in the high-temperature 
limit (Einstein's relation), S is the spin stiffness (i.e., the inverse of the spin susceptibility), 
Sc = k-^T n/ {An^rii) is the Curie spin stiffness of an ideal classical gas, and pd = m* / {ne^Tn) 
is the Drude resistivity. Figure El shows the ratio Dg/D^i as a function of density n, assuming 
a dielectric constant e = 12 appropriate for GaAs and mobility p = 3 x 10^ cm^ s~^. 
Different line styles correspond to different temperatures as indicated. The curves labeled 
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Figure 6: Ratio Ds/D^i between the spin diffusion coefficient Dg of an interacting electron 
system and the spin diffusion coefficient D^i of the corresponding noninteracting system, 
plotted as a function of density n, and assuming a dielectric constant e = 12 appropriate for 
GaAs and mobility /i = 3 x 10^ cm^ V~i s~^. The curves labeled SD correspond to the case 
in which interactions in Dg are taken into accoui it only through the spi r i Cou lomb drag [i.e., 
the third factor in equation (|7j)]. [Adapted from D'Amico and Vignalj ( 2002 ).] 



SD correspond to the case in which interactions in Ds are taken into account only through 
the spin Coulomb drag [i.e., the third factor in equation ((Tj)]. 

Figure El shows that the interaction correction is quite significant and reduces the value 
of Ds- For large densities or T < Tp, where Tp is the Fermi temperature for density n, the 
dominant effect in the full calculation stems from the softening of the spin stiffness. On the 
other hand, the spin drag contribution dominates at small densities (the nondegenerate limit 
T > Tp). Note that Tp = 1.6, 20, and 300 K correspond to n = 7.4 x 10^^, 3.2 x 10^^ and 
1.9 X 10^^ cm~'^, respectively. 



Th e spil l Coulomb drag i n a 2D electron gas was studied theoretically bv lD'Amico and Vignale 
( 20031 ) and iFlensberg et al\ (|2001l ) , giving res ults quantita t ively similar to 3D electron sys- 
tems. It was also observed experimentally bv lWeber et al\ ()2005r ) . These authors used spin 
gratings as discussed at the end of Section 13.11 to measure the spin diffusion coefficient Dg 
in a 2D electron gas in a GaAs/AlGaAs QW (circles in Figure [7|). Its value as a function 
of temperature is significantly smaller than the charge diffusion coefficient Dc obtained from 
transport measurements for samples from the same wafer (solid lines in Figure Ej). Yet good 
agreement is achieved between the measured Dg and calculations taking into account the 
spin Coulomb drag effect [i.e., the last factor in equation ((7j)], see the dashed hne in Figure [7| 
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Figure 7: Measured (circles) and calculated (dashed line) spin diffusion coefficient Ds and 
charge diffusion coefficient D^. (solid line) in a 2D electron gas in a GaAs/AlGaAs QW. 
The electron concentration is n = 4.3 x 10^^ cm~^, which corresponds to a Fermi temper- 
atur e Tp = 220 K . The inset shows the ratio between the measured Dg and Dc. [Adapted 



from IWeber e.t al\ (1200,'^ . 



4 Spin polarization and charge currents 
4.1 Spin photocurrents 

The optical creation of spin-oriented electrons can give rise to charge currents, the so-called 
spin photocurrents, which are characterized by the fact that these currents reverse their 
direction when the radiation helicity is changed from left-handed to right-handed and vice 
versa. Spin photocurrents are described by an axial tensor (or pseudotensor) of second rank. 
Such tensors play an important role in the context of gyrotropy, so that systems permitting 
nonzero axial second-rank tensors are often denoted gyrotropic systems. We note that gy- 
rotropy is found neither in inversion-symmetric systems nor in s ystems with a zinc blende 



struct ure. The 18 gyrotropic crystal classes are listed, e.g., by lAgranovich and Ginzbure 
( 19841 ).^ Semiconductors with a zinc blende (or diamond) structure become gyrotropic when 



the symmetry is reduced by means of, e.g., quantum confinement or uniaxial strain. We note 
that gyrotropy is also a required and sufficient condition for the existence of /c-linear spin 
splitting of the energy spectrum of spin- 1/2 electron systems. 

■^As certain aspects of gyrotropy require a symmetric material tensor, the discussion of g yrotropy is 
often restricted to those 15 crystal classes that permit a symmetric axial tensor of second rank I NveL 1957 



Landaii and Lifshit j . 1984I) . thus excluding the crystal classes C^v^ C^v, and Cqv (the latter includes wurtzite 



materials). Spin photocurrents and the electric generation of spin discussed below do not require that the 
corresponding material tensors are symmetric. Therefore, these effects can be observed for all 18 crystal 
classes that permit an axial tensor of se cond rank. A general discussion of the symmetry of material tensors 
was given, e.g., bv lBir and PikusI ijlQT^ - 
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Figure 8: Microsc opic picture of t h e circ ular photogal- 
vanic effect [after iGanichev et al\ (|200l[ )]. excita- 
tion witli plioton energy hu) induces optical transitions 
between the valence subband hhl and the conduction 
subband el (vertical arrows). The concurrence of en- 
ergy conservation, spin splitting of the electron and hole 
states, and optical selection rules results in an unbal- 
anced occupation of the positive (/c^) and negative 
states yielding a spin-polarized photocurrent. 



Two mechanisms contribute to spin phot ocurrents in gyrotropi c medi a, the circular pho- 
togalvanic effect and the spin-galvanic effect (jGanichev and Prettll. 120031). The c i rcular pho- 
togalvanic effect (CPGE) was independently predicted by Ivchenko and Piku? ( 1978[l an d 



Belinichen (Il978r ). Subsequently, this effect was observed in bulk Te bv lAsnin et al\ ()l978r ). 
The mechanism is illustrated in Figure |H1 Excitation with (T+-polarized light induces direct 
optical transitions between the valence subband hhl and the conduction subband el (vertical 
arrows in Figure |HI). For a given photon energy hio^ the optical selection rules and spin split- 
ting result in an unbalanced occupation of the positive (fc^) and negative (fc~) states such 
that the "centre of mass" of these transitions is shifted from /c^; = to some average value 
(fc^.) 7^ 0. This wave vector (A;^) translates into an average electron velocity v = h{kx)/m* 
of the optically oriented electrons, which corresponds to a spin-polarized charge current, i.e., 
the current is carried by electrons with one spin orientation. For interband transitions in 2D 
systerns, as d epicted in Figure |H1 a detailed theory for the CPGE has been formulated by 



Golubl (|2003^ . Spin photocurrents can al so be generated in a s i milar way by means of inter - 



subband and intra-su bban d transitions (IGanichev et al 



2001 



Ganichev and Prettl 120031 ). 



Sherman et al. ( 2005 ) and Tarasenko and Ivchenkol " 2005 ) have shown that pure spin pho- 
tocurrents not accompanied by charge transfer or spin orientation can be generated by means 
of absorption of unpolarized light in low-dimensional semiconductor systems. 

Up to now, we have discussed spin photocurrents obtained by means of one -photon absorp- 
tion. These currents can also be generated by means of two-photon excitation (jBhat and Sipe , 



20001 ). In this case, the spin polarization of the resulting charge currents has been confirmed 



directly b y measuring the phas e-dependent spatial shift of the circularly polarized photolumi- 
nescence (jHiibner et ad 120031 ). Pure spin photocurrents not accompanied by charge transfer 
have been generated through quantum interference of one- and two-photon absorption by 
Stevens et ah (|2003h . 

Besides the CPGE, the spin-galvanic effect fSGE) is a second me chanism that contributes 
to spin photocurrents ( Ivchenko et al. . IQSfli Ganichev et al . 2002 ). The SGE is caused by 
asymmetric spin-flip relaxation of spin-polarized electrons. The mechanism is illustrated in 
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Figure 9: One-dimensio nal microscopic pictur e of the 
spin-galvanic effect [after lGanichev et al\ (|2001l )]. If one 
spin subband is preferentially occupied, e.g., by optical 
excitation, asymmetric spin-flip scattering results in a 
current in the x direction. 



FigureEl An unbalanced population of spin-up and spin-down subbands is generated, e.g., by 
optical orientation. The current flow is caused by k-dependent spin-flip relaxation processes. 
Spins oriented in the up direction are scattered along from the more occupied, e.g., spin-up 
branch, to the less filled spin-down branch. Four quantitatively different spin-flip scattering 
events exist and are sketched in FigurelHlas bent arrows. The spin-flip scattering rate depends 
on the values of the wavevectors of the initial and the final states. Therefore, the spin-flip 
transitions marked by solid arrows in Figure IHl have the same rates. They preserve the 
distribution of carriers in the branches and, thus, do not yield a current. However, the two 
scattering processes shown by dashed arrows are inequivalent and generate an asymmetric 
carrier distribution around the branch minima. This asymmetric population results in a 
current flow along the x-direction. Within this model of elastic scattering the current is not 
spin polarized, since the same nu mber of spin-up and sp in-down electrons move in the same 



direction with the same velocity (jGanichev et al 



200 



Assuming a linear relation between the components Sjs of the electrons' averaged spin 
density and the components ja of the resulting spin photocurrent, we get for the SGE 



Jo 



/3 



where Tap is an axial tensor of second rank.^ This equation shows clearly that, unlike the case 
of the CPGE, optical excitation is not required for the SGE. The CPGE, however, is always 
accompanied by the SGE. Formally, this is due to the fact that both effects are characterized 
by axial tensors of second rank. Even in a completely optical experiment, CPGE and SGE 
can be distinguished by their different behaviors when the light source is switched off. Then 
the circular photogalvanic current decays with the momentum relaxation time whereas the 
spin-galvanic current decays w ith the spin relaxation time . If spin relaxation is absent, the 
spin-galvanic current vanishes (jGanichev and Prettll . 12003^ . 

In recent years, detailed experimental and theoretical investigations of the CPGE and 
SGE in different systems h a.ve been performed by Ganichev et al. This work and related 
work have been reviewed by Ganichev and Prettll ( 2003 . 2006 ). 



*For many crystal classes permitting nonzero axial tensors of second rank it is nontheless required by 
sy mmetry that certain compon ents of these tensors must vanish, see, e.g., the discussion of the experiment 



of lGanichev et ll2nn4l2nntil> in Section Ol 
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4.2 Electrical generation of a spin polarization 



In general, two possibilities exist for orienting electron spins with electric currents in a semi- 
conductor. The first one is the spin Hall effect . For semiconductor systems, this idea was 
first discussed bv iD'vakonov and Perell (|l971bl) . It yields a spin accumulation at the edges 
of the sample in the direction perpendicular to the current. A detailed discussion of the 
spin Hall effect can be found [elsewhere]. In gyrotropic r nedia, a second mechanisni exists 
that yield s a sp in polarization in the bulk of the sample ( Aronov and Lvanda-Geller . llQSfli 
Edelsteinl . Il990| ). We note that equation (jHl), relating the given spin orientation S with the 



resulting c urrent .j, can obviously be in verted, i.e., an electric curre nt .] can give r i se to a spin 



density S fjlvchenko and Pikusl . Il978h . As discussed in detail bv lAronov et al\ (jl99lf ). the 



different mechanisms contributing to the spin polarization of electrons induced by a current 
j can be classified analogously to the different spin relaxation mechanisms for j = 0: for 
j = 0, these mechanisms drive the system towards its equilibrium configuration characterized 
by equal occupations of the spin states. For j 7^ 0, on the other hand, the nonequilibrium 
configuration is characterized by an unequal filling of the spin states. Apart from a prefactor 
Q of order one, the details of which depend on the scattering mechanisms present in the 
electron system, the spin polarization is given by the ratio between the spin sp litting hQih/r) 



(assu med to be linear in k) and the average energy E of the involved electrons (jAronov et al. 
199ll) 



Qn 



E 



(9) 



Here k^ = eSTp/h is the shift of the Fermi sphere caused by the electric field £, and Tp 
is the momentum relaxation time. In degenerate systems, we have E = h'^kp/{2m*). In 
nondegenerate systems we have E = {d/2) k-^T, where d is the dimension. Finally, n = 
kp/{d7r) is the number density. The prefact or Q for different sca ttering mechanisms in 0? = 2 
and d = 3 dimensions is given in Table I of lAronov et al\ f)l991l l. 

The elec tric-field-induced spin orientation inside a seni i condu ctor was also studied theo- 
retically bv iMagarill et al\ ^200^ in 2D and lCulcer et al\ toQ^ in 2D and 3D. The effect 
was first observed exper i mentally in bulk Te by Vorob'ev et a/. " fjl979[ ). More recently, it was 



used by iHammar et al\ f)l999l I2OOCI) to analyze the spin iniection from a ferr omagne t ic film 
into a 2D electron system, see also lMonzon et al. Ivan WeesI (120001) andlSilsbed (j200l|). 

Moreover, the effe ct was measured in stra ined bulk InGaA s by Kato et al. ( 2004b[ ) and in 2D 



GaAs systems by ISilov et al\ (120041) and iGanichev et al 

want to discuss the experiment of 



Ganichev et al. 



As an example, we 
They used a p-type GaAs multi-QW grown 
on an intentionally miscut (001) surface (tilted by 5° towards the [110] direction). The sym- 
metry of this system is thus fully characterized by one mirror plane (110) (i.e., point group 
Cs), and electric spin orientation is expected only for a current in the ("active") direction 
[110] of the 2D plane, but not for the perpendicular ("passive") direction. In a transmission 
measurement using linearly polarized light, it is then possible to identify the current-induced 
spin orientation via a rotation of the polarization vector of the transmitted light (dichroic 
absorption and Faraday rotation) in a crossed polarizer setup, see the inset of Figure ITUl For 
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Figure 10: Transmission of a GaAs multi-QW as 
a function of current / in a crossed-polarizer setup 
(sketched in the inset). The sample was grown on 
a miscut (001) surface so that spin orientation is 
expected for the "active" direction [110] but not 
for t he perpendicular "passi ve" direction. [Adapted 
from iGanichev et al\ f)2004^ .] 



the "active" direction [110]. iGanichev et observed a significantly larger signal in the pho- 
todetector than for the "passive" direction fFigurelTUj). The nonzero signal for the "passive" 
direction was ascribed to imperfections of the infrared polarizers and carrier heating by the 
current, as confirmed by control experiments. 



Finally, we note that iKalevich and Korenevi (|l990| ) predicted and observed a current- 
induced spin precession in the field il{kg). 



5 Outlook 

We focused here on the fundamental physics underlying the spin-dependent transport of car- 
riers in semiconductors. These phenomena have many important and fascinating applications 
in the field of spintronics that are discussed [elsewhere]. Particul arly important are va rious 
laterally structured systems such as the Datta-Das spin transistor (|Datta and DasL Il990| ) and 
hybrid devices combining nonmagnetic semiconductors with semimagnetic and ferromagnetic 
materials. 
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